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Abstract
Ischemia-reperfusion injury (IRI) is characterized by ATP depletion in the ischemic phase, followed
by a rapid increase in reactive oxygen species, including peroxynitrite in the reperfusion phase. In
this study, we examined the role of peroxynitrite on cytotoxicity and apoptosis in an in vitro model
of ATP depletion-recovery. Porcine proximal tubular epithelial (LLC-PK1) cells were ATP depleted
for either 2 h (2/2) or 4 h (4/2) followed by recovery in serum free medium for 2 h. A subset of cells
was treated with 100 μM of the peroxynitrite scavenger, iron (III) tetrakis (N-methyl-4′pyridyl)
porphyrin pentachloride (FeTMPyP) 30 min prior to and during treatment/recovery. Treatment with
FeTMPyP reduced cytotoxicity and superoxide levels at both the 2/2 and 4/2 time points, however
FeTMPyP decreased nitric oxide only at the 2/2 time point. FeTMPyP also partially blocked
caspase-3 and caspase-8 activation at both 2/2 and 4/2 time points. At the 4/2 time point, FeTMPyP
also partially inhibited the ATP depletion mediated increase in tumor necrosis factor alpha (TNF-
α) and decreased Bax and FasL gene expression. These data show that peroxynitrite induces apoptosis
by activation of multiple pathways depending on length and severity of insult following ATP
depletion-recovery.
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Introduction
Ischemia-reperfusion injury (IRI) is a major cause of acute renal failure and graft dysfunction
following transplantation. During the ischemic phase of IRI, there is a depletion of ATP [1–
3] followed a rapid increase in reactive oxygen species (ROS) including superoxide (O2

•−)
during reperfusion. Concurrently, ischemia induces nitric oxide synthase (iNOS) in renal
tubular epithelial cells generating nitric oxide (NO) [4]. O2

•− readily combines with NO at
diffusion controlled rates to form the highly reactive and potently nitrating species,
peroxynitrite [5–7]. In some biological systems, the rate of peroxynitrite production can be as
high as 50–100 μM [8], although the steady state concentrations are in the nanomolar range.
Peroxynitrite readily reacts with proteins to form 3-nitrotyrosine, tyrosine dimers or oxidation
of thiol groups [9–12] which can either lead to inactivation or enhanced degradation [13–16]
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of the proteins. Further, peroxynitrite can also cause adduct formation, oxidation and strand
breaks in DNA [16–18].

Reactive oxygen mediated damage to proximal tubular epithelial cells has been demonstrated
in various models of chemically induced hypoxia [19–21]. Using pyruvate, a hydrogen
peroxide scavenger and exogenous superoxide dismutase, Hagar et al. [22] have shown that
early apoptotic signaling in chemical hypoxia is mediated by free radicals. Proximal tubular
cells are particularly more susceptible to apoptosis due to IR and ATP depletion [23–25] due
to the fact that this region is marginally oxygenated and lacks the ability to generate significant
amounts of ATP via glycolysis [26] and primarily depends on oxidative phosphorylation for
energy production. We have also previously shown that ROS mediate apoptosis in proximal
tubular epithelial cells (LLC-PK1) cells by promoting the release of cytochrome c from the
mitochondria at early time points after ATP depletion and by activating tumor necrosis factor
alpha (TNF-α) mediated apoptosis in the later stages of ATP depletion [27].

There is evidence that reactive nitrogen species such as peroxynitrite also impair mitochondrial
function by inhibiting respiration and inactivating Complex I [28,29]. Additionally, the
tyrosine nitration and inactivation of manganese superoxide dismutase (MnSOD) [9,11] and
cytochrome c [30,31] by peroxynitrite can amplify mitochondrial injury and lead to pro-
apoptotic signaling. Further, increased peroxynitrite can activate poly-ADP ribosyl synthetase
(PARP) [32], resulting in depletion of ATP and NAD+ stores and necrotic cell death.

Several synthetic metalloporphyrins have been developed as potent peroxynitrite
decomposition catalysts, including 5,10,15,20-tetrakis (2,4′,6′-trimethyl-3′5′-
disulphonatopheyl) porphyrinato iron III (7−) (FeTMPS) and 5,10,15,20-tetrakis (N-methyl-4′-
pyridyl) porphyrinato iron III (5+) (FeTMPyP) [33,34]. Cuzzocrea et al. (2000) have shown
that FeTMPS was effective in reducing lipid peroxidation and limiting IRI in the bowel in a
model of splanchnic artery occlusion [35]. FeTMPyP has also been used successfully in
cerebral, intestinal, and myocardial IRI [36–38]. In these models of injury, FeTMPyP blocks
neutrophil infiltration, PMN accumulation and lipid peroxidation. Despite these studies,
however, it is still not clear whether renal tubular epithelial cells are also susceptible to
peroxynitrite induced damage in IRI. Further, the signaling pathways (mitochondrial or
receptor) that lead to apoptosis due to increased peroxynitrite formation in renal IRI are not
completely understood. In order to address these questions, in this study, we used ATP
depletion-recovery in porcine proximal tubular epithelial cells (LLC-PK1) to simulate in vivo
renal IRI and examined the efficacy of FeTMPyP on inhibition of cytotoxicity, ROS and
apoptosis. We also determined whether extrinsic or intrinsic pathways of apoptosis are
involved in peroxynitrite mediated cell death following ATP depletion-recovery.

Materials and methods
Materials

Porcine renal proximal tubular epithelial cells (LLC-PK1) were purchased from American
Type Culture Collection (Rockville, MD). Growth medium (α-MEM), Dulbecco’s PBS
(DPBS), fetal bovine serum (FBS), penicillin-streptomycin with L-glutamine, 0.25% Trypsin-
EDTA and dihydroethidium were obtained from GIBCO/Invitrogen (Carlsbad, CA).
5,10,15,20-tetrakis (N-methyl-4′-pyridyl) porphyrinato iron III (5+) (FeTMPyP) was
purchased from Axxora (San Diego, CA). Antimycin-A and n-butanol were from Sigma (St.
Louis, MO). RIPA lysis buffer was from Upstate Biotechnology (Lake Placid, NY). Laemmli
sample buffer was from Bio-Rad (Hercules, CA).
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Experimental protocols
LLC-PK1 (ATCC Rockville, MD) cells were grown in α-MEM containing 10% FBS, 100 U/
ml penicillin, 100 μg/ml streptomycin, and 290 μg/ml L-glutamine at 37°C in a 5% CO2/95%
air humidified incubator. Cells were plated at 5 * 105 the day prior to the experiment. On the
day of experiment, cells were washed with DPBS and incubated with pre-warmed serum free
α-MEM 30 min prior to ATP-depletion. ATP depletion was induced by substrate deprivation
(in injury media, IM) and the addition of 0.1 μM antimycin A, a complex III inhibitor for either
2 or 4 h. The injury media (IM) consisted of (in mM): 1X MEM vitamin solution (Invitrogen,
Carlsbad, CA), 26 NaHCO3, 5.4 KCl, 116 NaCl, 0.9 NaH2PO4 · 2H2O, 0.8 MgSO4 · 7H2O,
1.8 CaCl2 · 2H2O, and 0.0001 lipoic acid (Sigma, St. Louis, MO). To maintain osmolarity, 5.5
M of the non-metabolizable form of glucose, L-glucose, was added. Following ATP depletion,
cells were recovered in serum-free α-MEM for an additional period of 2 h. The recovery media
was serum-free α-MEM with 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen,
Carlsbad, CA). Control cells were grown in parallel and underwent equivalent washes and
incubated in serum free α-MEM throughout experiment. A subset of cells received 100 μM of
the peroxynitrite decomposition catalyst, FeTMPyP 30 min prior to and during treatment/
recovery. At the end of the 2 h recovery, cells were harvested and lysed in RIPA lysis buffer
with the addition of protease inhibitors. Protein concentration was measured using a protein
assay kit from Bio-Rad (Hercules, CA). Media was also collected and stored at 4°C following
ATP depletion and recovery for analysis of LDH release and NO measurements.

LDH measurements
Cytotoxicity, as determined by LDH release, was measured in medium using a commercially
available kit (Diagnostic Chemicals, Oxford, CT) on the same day of harvest. LDH activity
was normalized to protein levels and is expressed as mU/mg protein.

NO levels
NO levels were measured in the media using the Seivers NO analyzer (Seivers) with sodium
nitrate as standard ranging from 3–100 μM. Briefly, media was filtered using Microcon YM-10
filters (Millipore, Billerica, MA) by centrifugation at 14,000 g for 30 min. Ten μL of the filtrate
was injected into the NO analyzer and the peak area was quantified and integrated.

Lucigenin-enhanced chemiluminescence
Lucigenin-enhanced chemiluminescence was measured as previously described [39,40].
Briefly, 10 μM lucigenin was added to 1 ml of harvested media or cell-free α-MEM. Lucigenin-
enhanced chemiluminescence was measured for 10 s in a luminometer (Berthold Instruments,
Autolomat LB 953, Bad Wilblad, Germany). Cell-free α-MEM was read to calculate
background luminescence and subtracted from each value. Reactive oxygen production was
normalized to protein levels and reported as relative light units emitted (RLU)/min/mg protein.

DHE fluorescence
DHE staining was used for qualitative analysis of intra-cellular O2

•− production. Twenty
minutes prior to the end of the 2 h recovery following 2 h ATP depletion, cells were loaded
with 10 μM hydroethidine (HE). Cells were incubated with HE in the dark for a period of 15
min and washed 2X with DPBS to remove excess background staining. Cells were then
immediately scanned for O2

•− using an Olympus IX50 inverted microscope equipped with
rhodamine filter settings.

Nilakantan et al. Page 3

Apoptosis. Author manuscript; available in PMC 2008 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Apoptosis measurement
Apoptosis was evaluated by flow cytometry via Annexin V and propidium iodide staining
according to manufacturer’s instructions using flow cytometry (BD Pharmingen, Franklin
Lakes, NJ). Annexin V positive cells were classified as apoptotic. Analyses were performed
using FACS Calibur flow cytometer (BD, San Jose, CA).

For microscopic visualization, cells were grown on coverslips (diameter 22 mm) coated with
poly-L-lysine (Sigma, St. Louis MO). After 2–2 h and 4–2 h ATP depletion with or without
FeTMPyP treatment, coverslips were removed from the culture dish and washed with
phosphate buffered saline (PBS, pH 7.4), then stained with propidium iodide (5 μg/ml) and
Annexin V-FITC (5 μg/ml) (BD Bioscience Pharmingen) in 1x Binding buffer for 15 min at
room temperature in the dark. After washing with PBS, the coverslips were mounted on glass
slides using Gel/mount (Electron Microscopy Science) and imaged under Nikon fluorescence
microscopy.

Caspase-3 and caspase-8 activities in cell extracts were determined by using commercially
available colorimetric kits (Chemicon, Temecula, CA) as per manufacturer’s instructions.
Caspase activity was expressed in μM/min/mg protein. In addition, Western Blotting was
performed for caspase-3 as described below (Western Blotting section).

TNF-α measurement
The quantitative determination of tumor necrosis factor alpha (TNF-α) in cell extracts was
attained using a commercially available quantitative sandwich ELISA kit (R&D Systems,
Minneapolis, MN) per manufacturer’s instructions. TNF-α concentration was expressed in pg/
mg protein.

Western blots
Protein expression of iNOS, nitrotyrosine, caspase-3, Fas, Fas Ligand (FasL), Bcl-2 and
GAPDH was determined via Western blot analysis. Briefly, 20 μg of cellular protein was
separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membrane for 1.5 h at 4°C. All proteins, except for Bcl-2 were blocked in LiCor blocking
buffer (Lincoln, NE) and incubated with one of the following: mouse anti-nitrotyrosine
(1:1000, Upstate Biotechnology, Bellerica, MA), rabbit anti-caspase-3 (1:1000, Cell Signaling,
Boston, MA), mouse anti-Fas (1:2000, BD Transduction Laboratories, San Jose, CA), rabbit
anti-FasL (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), anti-Bax (1:500, Santa Cruz
Biotechnology, CA) or mouse anti-GAPDH (1:2000, Chemicon, Temecula, CA), overnight at
4°C. The membrane was then incubated with IRDye infared secondary antibodies (anti-mouse
IgG and anti-rabbit IgG, 1:10,000, LiCor, Lincoln, NE) for 1 h at room temperature and
visualized with the Odyssey Infared Imaging System (LiCor, Lincoln, NE). For Bcl-2 the
membrane was blocked with TBS-0.05% Tween-20 containing 5% milk for 1 h at room
temperature. The membrane was incubated with mouse anti-Bcl-2 (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4°C and visualized with goat anti-mouse IgG
HRP (1:10,000, 1 h, room temperature, Bio-Rad, Hercules, CA) and enhanced
chemiluminescence (GE Healthcare, Piscat-away, NJ). Densitometry was performed on NIH
Image J image analysis ij134 software and proteins were normalized to GAPDH.

Statistical analysis
All values are expressed as means ± standard error of the mean. Statistical analysis was
performed by one-way ANOVA, followed by Newman–Keuls multiple comparison test. P
values lower than 0.05 were considered statistically significant.
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Results
In vitro model of ATP depletion-recovery

We used a widely used in vitro model of ATP depletion-recovery of a porcine proximal tubular
epithelial cell line (LLC-PK1) to simulate in vivo renal IRI [19,41]. ATP depletion-recovery
was achieved by substrate and amino acid deprivation in combination with a low dose of
antimycin A (0.1 μM) for either 2 or 4 h followed by recovery in serum free media for another
2 h (time points 2/2 and 4/2 respectively).

To validate our model of ATP depletion, in preliminary experiments we measured ATP levels
at the 2/2 time point of ATP depletion-recovery. ATP levels ranged from 95 pmol/μg protein
for 1 × 104 cells to 115 pmol/μg protein for 2 × 104 cells. This was well within the reported
range of ATP levels of normal resting LLC-PK1 cells [1]. We found that ATP was depleted
by 80% compared to control cells at the 2/2 time point and by 90% at time point 4/2 (data not
shown). Further, treatment with 100 μM of FeTMPyP had no effect on ATP levels (data not
shown).

FeTMPyP decreases cytotoxicity following ATP depletion-recovery
There was an increase in LDH release in LLC-PK1 cells following ATP depletion and recovery
at both the 2/2 time point (serum free, uninjured (control) 3.35 ± 0.09 mU/mg protein, ATP
depletion-recovery (IM) 6.63 ± 0.42 mU/mg protein, P < 0.01, n = 3–9) and the 4/2 time point
(control 4.08 ± 0.64 mU/mg protein, IM 6.67 ± 0.99 mU/mg protein, P < 0.01, n = 7–8) (Fig.
1). Treatment with FeTMPyP was effective in significantly lowering cytotoxicity (P < 0.01
FeTMPyP vs. IM) at both the 2/2 (3.25 ± 0.78 mU/mg protein, n = 4) and 4/2 time points (3.54
± 0.78 mU/mg protein, n = 7) (Fig. 1a).

To ensure that FeTMPyP did not have any effect on the cells by itself, we did a control
experiment in which we treated LLC-Pk1 cells with 100 μM FeTMPyP for both 2 h of ATP
depletion-2 h recovery (2/2) and 4 h ATP depletion-2 h recovery (4/2). As shown in Fig. 1b,
FeTMPyP treatment by itself had no effect on LDH release in the cells, indicating that there
was no cytotoxic effect of the drug by itself.

FeTMPyP decreases NO levels only at the early time point following ATP depletion-recovery
In order to determine whether use of the peroxynitrite decomposition catalyst also decreased
NO levels, we measured nitrate/nitrite in the media and iNOS protein expression in the cell
extracts of serum free, IM and FeTMPyP treated LLC-PK1 cells at the 2/2 and 4/2 time points.

There was minimal change in iNOS protein levels at the early time point of ATP depletion
(Fig. 2a, upper panel) and a variable and slight increase in iNOS at the later time point (Fig.
2a, lower panel) with none of the groups being statistically significant from each other.
FeTMPYP did not have a significant effect on iNOS protein levels at either time point (Fig.
2).

NO levels were unchanged between serum free controls and IM groups at both the 2/2 (control
3.27 ± 0.23 μM, IM 3.68 ± 0.22 μM, n = 4–7) and 4/2 time points (control 2.69 ± 0.34 μM, IM
2.53 ± 0.25 μM, n = 4–5) (Fig. 2b). Interestingly, FeTMPyP decreased NO levels (FeTMPyP
2.11 ± 0.16 μM, n = 4) at the early (2/2) time point following ATP depletion-recovery (Fig.
2b) without affecting iNOS expression (Fig. 2a). At the later time point of ATP depletion-
recovery (4/2), FeTMPyP had no effect on NO levels (FeTMPyP 2.62 ± 0.03 μM, n = 5) (Fig.
2).
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FeTMPyP decreases ROS following ATP depletion-recovery
In order to determine whether FeTMPyP decreased ROS, we measured reactive oxygen in the
media by lucigenin enhanced chemiluminescence and intracellular superoxide by DHE
fluorescent microscopic imaging in the cells.

Lucigenin enhanced chemiluminescence was increased by ATP-depletion at both 2/2 (serum
free controls 580 ± 30.85 RLU/min/mg protein, IM 874 ± 78.59 RLU/min/mg protein, P <
0.001 IM vs. control n = 6) and 4/2 (serum free controls 532 ± 48.04 RLU/min/mg protein, IM
962 ± 205.65 RLU/min/mg protein, P < 0.001 IM vs. controls, n = 3) time points (Fig. 3a).
Treatment with FeTMPyP resulted in a dramatic decrease in lucigenin-enhanced
chemiluminescence at both time points (2/2: 327 ± 29.04 RLU/min/mg protein, P < 0.01
FeTMPyP vs. IM, n = 6; 4/2: 322 ± 14.23 RLU/min/mg protein, P < 0.05, FeTMPyP vs. IM,
n = 3) (Fig. 3a).

DHE fluorescent microscopic imaging following ATP depletion-recovery at time point 2/2
showed that there was increased DHE fluorescence in injured cells compared to serum free
controls, indicating that there was increased intracellular superoxide production at this early
time point of injury (Fig. 3b). Treatment with FeTMPyP scavenged the superoxide since the
staining in FeTMPyP treated cells was similar to control levels (Fig. 3b).

Effect of FeTMPyP on nitrotyrosine levels following ATP depletion-recovery
We next examined the effect of FeTMPyP on nitrotyrosine formation, a marker for
peroxynitrite formation, in our model of injury. Surprisingly, there was not any increase in
nitrotyrosine levels as detected by Western Blotting techniques in cells that were subject to
ATP depletion-recovery (Fig. 3c) at both the 2/2 and 4/2 time points. Nevertheless, FeTMPyP
did decrease nitrotyrosine levels moderately after 2 of ATP depletion and a more dramatic
decrease after 4 h of ATP depletion (Fig. 3c).

FeTMPyP partially attenuates early apoptotic signaling following ATP depletion-recovery
We used several methods to determine apoptosis. We performed Annexin V/Propidium Iodide
staining followed by flow cytometry to determine early apoptotic signaling and necrosis. As
shown in Fig. 4a, ATP depletion-recovery of the LLC-PK1 cells increased early apoptotic
signaling from 9.63% (serum free control) to 21.01% (IM) at the early time point of 2/2.
Treatment with FeTMPyP had a very minor impact on early apoptotic signaling and reduced
it from 21.01% (IM) to 18.65% (FeTMPyP). At the later time point of 4/2, IM treatment
increased early apoptotic signaling from 5.98% (serum free control) to 23.31% (IM). FeTMPyP
partially attenuated apoptosis at this time point to 16.60%. We also performed annexin V
staining followed by microscopy to confirm this result (Fig. 4b, lower (AV) panels of 2/2 and
4/2 images). There was a slight increase in Annexin V staining at time point 2/2 and a more
substantial increase at time point 4/2 indicating increased apoptosis. FeTMPyP was effective
in partially blocking the Annexin V staining at both time points.

Surprisingly, we could not detect increased propidium iodide staining after either the early or
late time points of injury by this method. To further examine whether ATP depletion-recovery
increased cell death by necrosis, we evaluated necrosis by propidium iodide staining followed
by microscopic imaging in serum free, IM and FeTMPyP treated cells at both the early (2 h/2
h) and the later time points (4 h/2 h). As shown in Fig. 4b, there was moderate increase in
propidium iodide staining (as indicated by punctate bright red staining, upper panels of Fig.
4b) at the early time point and a more pronounced increase after 4 h/2 h ATP depletion and
recovery. This increase was only partially attenuated by the addition of FeTMPyP to the IM
(Fig. 4b).
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Effect of FeTMPyP on activation of caspase-3 following ATP depletion-recovery
We further examined apoptosis by measuring the activity of casapse-3, the downstream effector
protease of apoptosis. The activity of caspase-3 was increased from 3.26 ± 0.78 μM/min/mg
protein (serum free controls) to 20.67 ± 0.91 μM/min/mg protein (IM) at the early time point
(2/2) following ATP depletion-recovery (Fig. 5a, P < 0.001 IM vs. serum free, n = 3). Addition
of FeT-MPyP to the IM resulted in a significant decrease in caspase-3 activation (Fig. 5a,
FeTMPyP 7.92 ± 0.64 μM/min/mg protein, P < 0.01 vs. IM, n = 3).

At the later time point (4/2), caspase-3 activity was increased from 2.83 ± 0.84 μM/min/mg
protein (serum free) to 38.75 ± 3.88 μM/min/mg protein (IM) (Fig. 5a, P < 0.01 IM vs. serum
free, n = 3). Surprisingly, treatment with FeTMPyP at this time point did not inhibit the
activation of caspase-3 and actually increased it mildly (Fig. 5a, FeTMPyP 51.33 ± 1.33 μM/
min/mg protein).

Western Blotting at this time point indicated the appearance of the activated cleaved caspase-3
band at about 17 KDa (Fig. 5b) in the ATP depleted cells. Interestingly, in contrast to the
activity assay, FeTMPyP significantly decreased the intensity of the cleaved caspase-3 band
(Fig. 5b).

FeTMPyP inhibits caspase-8 activation in both the early and late phases of ATP depletion-
recovery

We next determined whether the extrinsic pathway of apoptosis was activated in our model of
injury and if peroxynitrite played a role in activating this pathway. We did this by first
measuring caspase-8, a protease that is recruited and activated by the Fas and TNF death
domains. Caspase-8 was activated significantly at the 2/2 time point in the ATP depleted cells
compared to serum free controls (Fig. 5c, control 2.14 ± 0.76 μM/min/mg protein, IM 10.04 ±
1.2 μM/min/mg protein, P < 0.05 IM vs. control, n = 3). Treatment with FeTMPyP significantly
decreased caspase-8 to 2.65 ± 0.24 μM/min/mg protein, P < 0.05 FeTMPyP vs. IM). At the
4/2 time point, caspase-8 activity increased from 3.05 ± 0.56 μM/min/mg protein in serum free
controls to 26.14 ± 1.57 μmol/min/mg protein in the IM samples (Fig. 5c, P < 0.001 IM vs.
control, n = 3). Thus, caspase-8 activation was more than doubled in the later phases of injury.
Addition of FeTMPyP decreased caspase-8 activation by half i.e. to 10.55 ± 0.55 μM/min/mg
protein (Fig. 5c, P < 0.01 FeTMPyP vs. IM, n = 3)

Effect of FeTMPyP on the receptor mediated pathway of apoptosis following ATP depletion-
recovery

To further delineate the pathways that lead to caspase-8 activation, namely TNF/Fas mediated
pathways of apoptosis, we evaluated TNF-α levels and expression of Fas/FasLigand (FasL) in
serum free, IM and FeTMPyP treated cells.

TNF-α levels were measured in the cell extracts using ELISA in serum free, IM and FeTMPyP
treated cells. As shown in Fig. 6a, there was a significant increase in TNF-α levels in ATP
depleted cells at the 2/2 time point (serum free control 0.88 ± 0.02 pg/mg protein, IM 1.52 ±
0.22 pg/mg protein, P < 0.05 control vs. IM, n = 3). Treatment with FeTMPyP did not
significantly decrease TNF-α levels (1.28 ± 0.04 pg/mg protein) (Fig. 6a). At the later time
point of 4/2, TNF-α was dramatically increased (Fig. 6a, control 0.89 ± 0.04 pg/mg protein,
IM 2.62 ± 0.17 pg/mg protein, P < 0.01 serum free vs. IM, n = 3). There was a decrease in
TNF-α levels in the FeTMPyP treated cells (Fig. 6a, FeTMPyP 2.02 ± 0.03, P < 0.05 FeTMPyP
vs. IM, n = 3).

There was minimal change in FasL expression in LLC-PK1 cells following ATP depletion
recovery at the 2/2 time point compared to serum free controls (Fig. 6b, left panel). FeTMPyP
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did not have a significant effect on Fas or FasL expression at this early time point (Fig. 6b, left
panel). Following longer durations of ATP depletion-recovery i.e. at the 4/2 time point,
although there was no change in Fas gene expression between serum free and IM groups (Fig.
6b, right panel), there was a small increase in FasL gene expression in ATP depleted cells (IM)
compared to serum free controls (Fig. 6b, right panel). FeTMPyP treatment decreased FasL
gene expression to below control levels (Fig. 6b, right panel).

Effect of FeTMPyP on the mitochondrial pathway of apoptosis in LLC-PK1 cells following
ATP depletion-recovery

We wanted to finally determine if peroxynitrite activated the mitochondrial pathway of
apoptosis in our model of injury. We measured protein levels of the anti-apoptotic protein Bcl-2
which prevents the permeabilization of the mitochondrial membrane thereby preventing the
release of cytochrome c and the pro-apoptotic protein Bax, which promotes the release of
cytochrome c into the cytosol. Interestingly, there was no change in Bcl-2 protein levels in the
treatment groups at the 2/2 (Fig. 7, left panel). Bax expression also did not change at the early
time point of 2/2 between any of the groups (Fig. 7, left panel). At the later time point of 4/2,
there was an increase in Bcl-2 protein following ATP depletion-recovery, although Bax protein
levels did not change between serum free controls and IM treated cells (Fig. 7, right panel).
FeTMPyP treatment decreased both Bcl-2 and Bax protein levels compared to the IM group
(Fig. 7, right panel).

Discussion
In this study, we tested the efficacy of the peroxynitrite decomposition catalyst, FeTMPyP in
limiting cytotoxicity and apoptosis in proximal tubular epithelial cells (LLC-PK1) following
ATP depletion-recovery. This model of chemically induced hypoxia has been used extensively
by us and other investigators to simulate renal IRI in vitro [19,41]. Whereas other investigators
have used differing amounts of ATP to achieve graded injury [41], we have used short (2 h)
and long (4 h) times of ATP depletion to achieve graded injury. The main results of the study
were as follows: (1) FeTMPyP was effective in attenuating cytotoxicity after both short (time
point 2/2) and long (time point 4/2) durations of ATP depletion-recovery (2) FeTMPyP
decreased reactive oxygen at both time points but decreased NO levels only at the early time
point of ATP depletion (2/2) (3) FeTMPyP inhibited activation of caspase-3 and inhibited
casaspe-8 at both time points (4) FeTMPyP had a partial effect on decreasing FasL and TNF-
α levels following longer durations of injury (4/2) and further significantly blocked activation
of Bax at this time point.

We found that exposing the LLC-PK1 cells to IM for as short as 2 h resulted in a massive
decrease in ATP levels (80%) which was further decreased to 90% of serum free controls after
4 h of ATP depletion. ATP levels remained low throughout the recovery period and treatment
with FeTMPyP did not significantly increase ATP levels. Although this was surprising, this
result correlated with our previous studies in which the cell permeable SOD mimetic,
MnTMPyP significantly attenuated cytotoxicity without affecting ATP levels [27].

There was a significant increase in cytotoxicity in LLC-PK1 cells following both 2/2 and 4/2
h of ATP depletion-recovery. Treatment with FeTMPyP decreased LDH release back to levels
in control (serum free) cells indicating that peroxynitrite plays a significant role in proximal
tubular epithelial cell damage following ATP depletion-recovery. There is ample evidence that
superoxide can readily react with NO to form the highly potent and reactive peroxynitrite
radical [42–44] which can modify DNA and proteins resulting in cellular damage. Although
we have previously shown that superoxide is one of the mediators of cell death in this model
of injury [27], it is possible that there is an increase in the production of peroxynitrite following

Nilakantan et al. Page 8

Apoptosis. Author manuscript; available in PMC 2008 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ATP depletion-recovery which is also partially responsible for the damage to the proximal
tubular epithelial cells.

Since there are reports reporting that FeTMPyP provides protection against intestinal IRI at
least partially by decreasing systemic NO production [37], we measured nitrate/nitrite levels
in control, IM and FeTMPyP treated LLC-PK1 cells. Interestingly, FeTMPYP decreased NO
levels to the levels found in serum free control cells at the 2/2 time point, but had no effect on
NO at the later time point of 4/2. It is not yet clear why FeTMPyP had a biphasic effect on NO
levels in this model of injury, although it is possible that FeTMPyP exerts its effects by both
attenuating NO levels at the early time points and by the decomposition of peroxynitrite and
in an NO-independent manner at the later time points of injury. Similarly, there is a recent
report indicating that FeTMPyP decreases apoptosis without affecting NO production [38] in
a model of myocardial IRI, providing evidence that peroxynitrite but not NO itself is
responsible for the myocardial ischemic nitrative stress.

There is accumulating evidence that FeTMPyP not only acts as a peroxynitrite scavenger but
can also catalytically scavenge superoxide anion thereby decreasing overall oxidative stress
[34,36,45]. We tested this action of FeTMPyP to scavenge superoxide following ATP
depletion-recovery by measuring ROS levels by lucigenin enhanced chemiluminescence and
intracellular production of superoxide by DHE staining. In our model, there was an increase
in ROS levels following ATP depletion-recovery; FeTMPyP was effective in decreasing ROS
levels at both the early and late time points following ATP depletion-recovery. Thus, this
indicates that FeTMPyP has multiple modes of action, including decreasing ROS levels and
does not act by peroxynitrite decomposition alone.

Interestingly, when we evaluated peroxynitrite formation by Western blot we did not detect an
increase in nitrotyrosine formation at either time point (see Fig. 3c). It is not really clear yet
why we could not detect increased nitrotyrosine, although it could be related to limited
detection capability in this particular technique. Nevertheless, FeTMPyP did decrease
nitrotyrosine levels moderately at the 2/2 time point and more significantly at the 4/2 time
point, indicating that it was effective in reducing peroxynitrite formation. It is well established
that small amounts of NO can react very fast with superoxide to form peroxynitrite at diffusion
limited rates. In fact, NO can out compete superoxide dismutase for its substrate, superoxide.
This would indicate that basal or constitutive levels of NO are sufficient to form peroxynitrite
when there is excess superoxide formation. In our studies, we did find increased superoxide
formation by lucigenin and DHE fluorescent techniques; this was also decreased by FeT-
MPyP. It is possible that FeTMPyP acts both by decreasing peroxynitrite as well as behaving
as a superoxide scavenger thereby decreasing overall oxidative stress in the cells.

We next tested whether FeTMPyP had a significant impact on apoptosis. We performed
Annexin V/propidium iodide based flow cytometry to determine apoptosis. At both time points,
there was an increase in early apoptotic signaling. Necrosis was also increased as measured by
propidium iodide staining followed by microscopy with more pronounced staining at the later
stages of injury. This is similar to our previous study in which we had determined that ATP
depletion for a period of 6 h leads to necrosis but shorter durations of injury lead to apoptotic
signaling [27]. FeTMPyP decreased apoptosis slightly at the earlier time point and had a more
significant impact on apoptosis at the 4/2 time point. A recent investigation by Tiwari et al.
(2006) [46] suggests that proximal tubular cells are more sensitive to superoxide rather than
NO mediated apoptosis in a model of LPS induced injury. From our model, it however seems
more likely that multiple radicals including superoxide, NO and peroxynitrite play a role in
exacerbating cellular damage.
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In conjunction with flow cytometry, we also determined apoptosis by measuring the activation
of caspase-3, a downstream effector protease upon which multiple pathways converge. A
number of studies have shown that increased ROS and RNS play an important role in the
activation of caspase-3 in ischemia-reperfusion [47–49]. As expected, in our model of injury,
there was activation of caspase-3 in IM treated cells vs. serum free controls, and FeTMPyP
significantly blocked this activation. Surprisingly, however, by this method, FeTMPyP did not
block caspase-3 activation following the longer duration of ATP depletion-recovery and in fact
increased the caspase-3 activity slightly, although there was a decrease in the activated
caspase-3 band by Western Blotting at this time point. The reasons for this discrepancy in
caspase-3 at this later time point are not really clear though there could be two reasons for this.
First, it is possible that caspase-3 activity assay may be detecting non-specific protease activity
that occurs due to multiple freeze-thaw of the samples. Indeed, we have found that there is
usually about 25% non-caspase-3 specific protease activity in samples that have undergone
multiple freeze-thaw cycles (unpublished observations). Secondly, it is possible that the
inability of FeTMPyP to block caspase-3 activation at later time points of injury could be due
to induction of apoptosis in a caspase-3 independent manner following longer durations of
injury. It has been shown that caspase-7, another effector protease of apoptosis, although
structurally related to caspase-3, has substrates distinct from caspase-3 and has a different
subcellular localization [50]. Further, treatment of proximal tubular epithelial cells with high
dose (0.5 mM) of NO donors activates both caspase-3 and caspase-7 [51]. Neuroblastoma cells
that are treated with actimomycin D also display increased ROS and activation of caspase-7
but not caspase-3 [52]. Based on these reports, it is possible that following ATP depletion,
peroxynitrite may have a dual mode of action; i.e. induction of apoptosis by activation of both
caspase-3 and caspase-7. FeTMPyP was also effective in blocking caspase-8 activation at both
the early (2/2) and late (4/2) time points of ATP depletion-recovery. This confirmed to us that
peroxynitrite was activating a pathway other than caspase-3 at the later time point of injury.
Direct recruitment of caspase-8 can occur by extrinsic signals that activate the death receptors:
TNF receptor-associated death domain (TRADD) and the Fas-associated death domain
(FADD) [53–55]. These receptors are activated by the ligands, TNF-α and Fasligand (FasL).
Interestingly, in our model of injury there was an increase in TNF-α levels after both the early
and late phases of injury but FeTMPyP decreased TNF-α levels only at the late time point of
4/2. Although there was no change in Fas expression at this time point, there was a small
increase in FasL expression that was partially blocked by FeTMPyP. This indicated that
caspase-8 activation by peroxynitrite in our model of injury is at least partially dependant on
TNF-α and FasL suggesting that the extrinsic pathway of apoptosis is involved at the later
phase of ATP depletion.

Although it is understood that caspase-8 generally activates caspase-3, there is recent evidence
of cross talk between the extrinsic and mitochondrial pathways of apoptosis. In fact it has been
shown that caspase-8 activation by ROS formed during hypoxia–reoxygenation results in Bid
cleavage and Bax activation, suggesting that the mitochondrial pathway is involved in
caspase-8 mediated apoptosis [56]. Similarly, in this study, we found that although FeT-MPyP
decreased the expression of the anti-apoptotic protein Bcl-2 slightly, it completely blocked the
activation of pro-apoptotic protein, Bax, at the later time point of injury. In this regard, there
is a recent report in a mouse model of spinal cord injury in which a related peroxynitrite
decomposition catalyst, FeTSPP also blocks Bax activation [57] thereby preventing apoptosis.
Thus, peroxynitrite mediated Bax activation and subsequent translocation to the mitochondria
[58,59] may be a critical step for the release of cytochrome c from the mitochondria and
downstream activation of caspase-9. Although we have not directly tested the effect of
FeTMPyP on cytochrome c release in this study, we have previously shown that superoxide
promotes the release of mitochondrial cytochrome c following ATP depletion-recovery [27].
It is therefore likely that peroxynitrite is playing a similar role in the activation of the
mitochondrial pathway of apoptosis in this model of injury.
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Conclusion
In conclusion, in this paper we have shown for the first time that FeTMPyP has a biphasic
effect on apoptosis following ATP depletion-recovery in proximal tubular epithelial cells. At
the early time points of injury, FeTMPyP directly inhibits NO and blocks caspase-3 activation,
whereas at the later time points of injury, FeTMPyP may act by inhibition of FasL/TNF-α,
caspase-8 and Bax gene expression. These data show that peroxynitrite induces apoptosis by
activation of multiple pathways dependant on length and severity of insult following ATP
depletion-recovery.
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Abbreviations
ATP  

Adenosine triphosphate

FADD  
Fas associated death domain

FeTMPyP  
5,10,15,20-tetrakis (2,4′5′-trimethyl-3′5′-disulphonatophenyl)5+

HE  
Hydroethidine

IM  
Injury media

IR  
Ischemia-reperfusion

LLC-PK1  
Porcine renal proximal tubular epithelial cells

MnSOD  
Manganese superoxide dismutase

MnTMPyP  
Manganese (III)tetrakis(1-methyl-4-pyridyl) porphyrin pentachloride

NO  
Nitric oxide

O2
•−  

Superoxide

PARP  
Poly-ADP-ribosyl synthetase

ROS  
Reactive oxygen species

TRADD  
TNFR1 associated death domain
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Fig. 1.
Effect of FeTMPyP on cytotoxicity in LLC-Pk1 cells following ATP depletion-recovery. (a)
LDH release was measured in media following 2 h or 4 h ATP depletion with 2 h recovery
(designated as 2/2, 4/2) of the LLC-PK1 cells. Groups include serum free control cells
(Control), injured cells (IM) and FeTMPyP treated injured cells (100 μM, FeTMPyP). Results
are means ± SEM (n = 3–9 for all groups). ¶P < 0.01 IM vs. control and FeTMPyP. (b) LDH
release was measured in the media following either 4 (2/2 time point) or 6 h (4/2 time point)
incubation with 100 μM FeTMPyP. Groups include serum free control cells (Control) and
FeTMPyP treated cells (FeTMPyP). Results are means ± SEM (n = 3 for all groups)
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Fig. 2.
Effect of FeTMPyP on NO in LLC-Pk1 cells following ATP depletion-recovery. (a) Western
Blotting showing iNOS protein levels in serum free (Control), ATP depleted (IM) and
FeTMPyP (FeT-MPyP) treated cells following 2 h ATP depletion-2 h recovery (2/2, top panel)
and 4 h ATP depletion-2 h recovery (4/2, bottom panel). (b) NO levels as measured by the NO
analyzer in the media of LLC-PK1 cells following ATP depletion for either 2 h or 4 h
(designated as 2/2 and 4/2) followed by 2 h recovery in serum free media. Groups include
serum free control cells (Control), injured cells (IM) and FeTMPyP treated injured cells (100
μM, FeTMPyP). Results are means ± SEM (n = 4–9 for all groups). Results not significantly
different from each other
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Fig. 3.
Effect of FeTMPyP on ROS in LLC-PK1 cells following ATP depletion-recovery. (a) ROS
levels as measured by lucigenin enhanced chemiluminescence in LLC-PK1 cells following
ATP depletion for either 2 h or 4 h (designated as 2/2 and 4/2) followed by recovery in serum
free media for 2 h. Groups include serum free control cells (Control), injured cells (IM) and
FeTMPyP treated injured cells (100 μM, FeTMPyP). Results are means ± SEM (n = 4–6 for
2/2 and n = 3 for 4/2). ¶P < 0.01 IM vs. control and FeTMPyP, *P < 0.05 IM vs. control and
FeTMPyP. (b) DHE fluorescent microscopic images (10x), used to identify ROS in serum free
control cells (Control), injured cells at time point 2/2 (IM), and injury with FeTMPyP (100
μM, FeTMPyP). ATP depletion-recovery at time point 2/2 resulted in increased DHE
fluorescence (lower panels); FeTMPyP blocked DHE fluorescence completely (lower panels).
Light microscopic images of the same fields are shown in the upper panels. Three separate
cultures from each group were analyzed and a representative image is shown. (c) Western
Blotting showing nitrotyrosine levels in serum free (control), ATP depleted (IM) and FeTMPyP
treated LLC-Pk1 cells following 2 h ATP depletion-2 h recovery (2/2 time point) and 4 h ATP
depletion-2 h recovery (4/2 time point)
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Fig. 4.
(a) Flow cytometry of AnnexinV/Propidium Iodide stained LLC-Pk1 cells following ATP
depletion-recovery showing an increase in early apoptotic signaling in injured cells (IM) vs.
serum free (control) and FeTMPyP treated (FeTMPyP) cells at time points 2/2 and 4/2. (b)
Microscopic images of Propidium Iodide (red staining, top panels for 2/2 and 4/2 respectively)
and Annexin V (green staining, bottom panels of 2/2 and 4/2 respectively) in serum free
(control), ATP depleted (IM) and FeTMPyP treated cells following ATP depletion-recovery
at the 2/2 and 4/2 time points
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Fig. 5.
Effect of FeTMPyP on caspase activity in LLC-Pk1 cells following ATP depletion-recovery.
(a) Effect of FeTMPyP on caspase-3 activation following ATP depletion for either 2 h or 4 h
(designated as 2/2 and 4/2) followed by recovery in serum free media for 2 h. Groups include
serum free control cells (Control), injured cells (IM) and FeTMPyP treated injured cells (100
μM, FeTMPyP). Results are means ± SEM (n = 3 for all groups). For 2/2, ‡P < 0.001 IM vs.
serum free, ¶P < 0.01 IM vs. FeTMPyP; for 4/2 ¶P < 0.01 control vs. IM and FeTMPyP. (b)
Western Blotting showing effect of FeTMPyP on cleaved caspase-3 in serum free (control),
ATP depleted (IM) and FeTMPyP treated samples at the 4/2 time point. (c) Effect of FeTMPyP
on casaspe-8 activation following ATP depletion for either 2 h or 4 h (designated as 2/2 and
4/2) followed by recovery in serum free media for 2 h. Groups include serum free control cells
(Control), injured cells (IM) and FeTMPyP treated injured cells (100 μM, FeTMPyP). Results
are means ± SEM (n = 3 for all groups). ‡P < 0.001 IM vs. control, ¶P < 0.01 IM vs. FeTMPyP
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Fig. 6.
Effect of FeTMPyP on the extrinsic pathway of apoptosis in LLC-PK1 cells following ATP
depletion-recovery. (a) TNF-α levels in LLC-PK1 cells following ATP depletion for either 2
h or 4 h (designated as 2/2 and 4/2) followed by recovery in serum free media for 2 h. Groups
include serum free control cells (Control), injured cells (IM) and FeTMPyP treated injured
cells (100 μM, FeTMPyP). Results are means ± SEM (n = 3 for all groups). For 2/2, *P < 0.05
IM vs. control; for 4/2, ‡P < 0.001 IM vs. control, *P < 0.05 IM vs. FeTMPyP. (b) Effect of
FeTMPyP on Fas and FasL expression in serum free control (C), injured (I) and FeTMPyP
treated (Fe) cells following 2 h ATP dpeletion-2 h recovery (2/2, left panel) and 4 h ATP
depletion-2 h recovery (4/2, right panel). The bottom image depicts the densitometry for
normalized gene/GAPDH ratio for time points 2/2 (left panel) and 4/2 (right panel) respectively
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Fig. 7.
Effect of FeTMPyP on Bcl-2 and Bax expression in serum free control (C), injured (I) and
FeTMPyP treated (Fe) cells following 2 h ATP dpeletion-2 h recovery (2/2, left panel) and 4
h ATP depletion-2 h recovery (4/2, right panel). The bottom image depicts the densitometry
for normalized gene/GAPDH ratio for time points 2/2 (left panel) and 4/2 (right panel)
respectively
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